Abstract Quantification of uncertain parameters in oil reservoirs is one of the major issues of concern. In underdeveloped reservoirs, there are many uncertain parameters affecting production forecast which plays a main role in reservoir management and decision making in development plan. To study the effect of uncertain parameters on the behavior of a reservoir and to forecast the probabilistic production of the reservoir, the simulator has to be run too many times with different entries for uncertain parameters. To avoid this heavy and timeconsuming process, Experimental Design methodology is used which chooses the values of uncertain parameters from their ranges in a way that the total uncertainty in the system is captured with the least number of simulator runs. In this study, Experimental Design methodology is used to observe the effect of uncertain parameters on the production of an underdeveloped oil reservoir, which is subjected to immiscible gas injection method, and to estimate the probabilistic production of the reservoir; therefore, the proper and unbiased decisions for oil reservoir development can be made. Experimental Design methodology, as a powerful and trusted method, makes it possible to choose simulator runs so as to obtain accurate probabilistic production diagrams using the least number of runs as well as to study the impact of uncertain parameters on the oil reservoir production profile, quickly.
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Introduction
In recent years, immiscible gas injection, as an effective method for enhanced oil recovery, has been used in many oil reservoirs. To optimize the development plan for an underdeveloped reservoir associated with many uncertain parameters and subjected to this method of enhanced oil recovery, it is necessary to determine the effect of uncertain parameters on the behavior of the oil reservoir.
Studying all of these uncertain parameters is an inefficient and time-consuming process. The main idea in this study is to find the major uncertain parameters with the most significant effect on the reservoir behavior.
To study the effect of these main uncertain parameters as well as to acquire the probabilistic production forecast, it is a good idea to use effective simulator runs to trap the whole uncertainty instead of running the simulator thousands of times with diverse entries for uncertain parameters.
Experimental Design methodology is able to select the effective uncertain parameters and to study their effect on the reservoir production with the minimum number of simulator runs.
Experimental Design methodology has already been applied in petroleum industry. For example, Experimental Design has been used to develop a polynomial model. This model has been then used to analyze the uncertainty available in the reservoir (Damsleth et al. 1991; Venkataraman 2000; Kabir et al. 2002) and also used for optimization (Dejean and Blanc 1999; White and Royer 2003; Zhang et al. 2007 ). In addition, Experimental Design has been combined with response surface to assess uncertainty in reservoir (Fetel and Caumon 2008) . Moreover, Experimental Design has been used to eliminate options which impacted negatively on project economics and to select those that added net present value and to optimize development plan of reservoir (Kloosterman et al. 2007 (Kloosterman et al. , 2008 . In one research, a response surface was generated using Experimental Design. This response surface was used for improving development plan of agbami field (Spokes et al. 2004) . In another research, Experimental Design was used to assess the uncertainty in a carbonate oil reservoir under water injection (Tabari 2010) .
In this study, Experimental Design methodology is directly applied for uncertainty investigation in an underdeveloped oil reservoir which is subjected to immiscible gas injection method to take a step towards developing this reservoir.
Experimental Design methodology
Experimental Design method distributes the simulation runs within uncertain ranges of parameters efficiently, thereby minimizes the number of required runs for studying an uncertain system (Steppan et al. 1998) . In fact, this methodology provides a quantified decision-based plan for minimizing risk in oil reservoirs (Kloosterman et al. 2008) .
In this study, one variable at a time design is used for choosing the most effective uncertain parameters on the reservoir behavior. Furthermore, the inscribed central composite design and three-level full factorial design are combined to study the impact of effective uncertain parameters on reservoir production forecast.
Dena field specifications
This study has been performed on an underdeveloped oil reservoir, subjected to immiscible gas injection method, and situated in the southern part of Iran (Fig. 1) . The specifications of this reservoir are presented in Table 1 .
Sensitivity analysis
Many uncertain parameters are present in the simulation of Dena reservoir. The corresponding Ranges of these parameters, obtained from analogous reservoirs, are presented in Table 2 .
In this stage, one variable at a time design is used to choose the uncertain parameters with the most significant effect on the specified outcome (herein, COP). The present study uses this design with a slight difference: instead of medium entries, base entries are used. Moreover, the case with all parameters at medium entries will be omitted from this design.
Various entries for uncertain parameters, which have been chosen according to this design, and forecasted COP values by the simulator, are presented in Table 3 .
According to Figs. 2, 3 and 4, which are the results of the sensitivity analysis, it is clear that MULTPV, MULTZ, Qinj and SGCR parameters have the most significant effect on the COP in the 4th, 8th and 12th years from the beginning of simulation in Dena reservoir. The method for calculating the effect of uncertain parameters on the COP has been explained in Appendix. These effective parameters will be studied in the next stages.
Uncertainty analysis
Dena field is currently under development. The immiscible gas injection for pressure maintenance is considered for this field. A better understanding of the reservoir behavior with respect to the existing effective uncertain parameters and minimizing the effect of this uncertainty on production profile can help to improve Dena field development plan.
The objective in this stage is to study the impact of effective uncertain parameters, chosen in the previous stage, on the reservoir behavior and to acquire the probabilistic production diagrams for Dena reservoir. By integrating three-level full factorial and inscribed central composite designs, the entries for effective uncertain parameters from their ranges are chosen. The method of choosing uncertain parameters values based on integrating these two designs is presented in Tables 4 and 5 . Subsequently, the simulator is run to calculate COP values corresponding to the chosen entries. In this study, Eclipse 100 has been employed as the simulator. Eclipse 100 calculates COP taking into consideration that the total oil produced equals the change in oil-in-place. These calculations have been explained in Eqs. 1 to 7 (Eclipse 2005) .
where
Substituting this equation into Eq. 1, we have Number of wells for oil production 12
Number of wells for gas injection 1 Expanding the Eq. 3,
The terms in this equation are associated with the various production mechanisms. These mechanisms are introduced in the following:
Now, we know that
Therefore,
Now, using the simulator outcomes, the probabilistic production diagrams of Dena reservoir for the 4th, 8th and 12th years from the beginning of the simulation will be forecasted (Figs. 5, 6, 7) .
According to Figs. 5, 6 and 7, the uncertainty for COP is very high and the forecasted COP values vary from 11439804 STB to 17282130 STB for the 4th year, 19941184 STB to 36872300 STB for the 8th year and 25958506 STB to 54636132 STB for the 12th year from the beginning of simulation. This is due to the uncertainty, present in the reservoir.
According to Figs. 5, 6 and 7, GU is calculated using the following relationship (Dejean J and Blanc 1999) :
Therefore, GUs at the 4th, 8th and 12th years from the beginning of the simulation are 41, 60 and 71 %, respectively, which are all high values.
The maximum value for COP at the 12th year is related to the maximum values for MULTPV, MULTZ, Qinj and the minimum value for SGCR from their ranges.
Since MULTPV, MULTZ and SGCR parameters are uncontrollable, the medium values of these parameters are used and the effect of different Qinj values on the COP will be examined. According to Fig. 8 , as expected, increase in the value of Qinj is associated with increase in oil production, so that the maximum value of COP will be acquired at Qinj = 10,000 Mscf/day.
In another research (Moeinikia and Alizadeh 2011), a proxy model has been developed by artificial neural network in Dena reservoir. This artificial neural network was run 20,000 times to acquire the entire range of probabilistic production forecast. According to those diagrams, it was concluded that COP values vary from 1.1534e?007STB to 1.7484e?007STB for the 4th year, 2.1080e?007STB to 3.7598e?007STB for the 8th year and 2.6901e?007STB to 6.0888e?007STB for the 12th year. These results are very close to the ones in this study. It confirms that the probabilistic production diagrams in this study, which have been obtained by simulation runs chosen according to Experimental Design methodology, are valid and accurate and cover the whole range of probabilistic production forecast.
Developing an artificial neural network as a proxy model to acquire these diagrams has difficulties such as training of artificial neural network. In addition, developing other proxy models may cause the results to be far from the simulation ones and this leads to wrong results. On the other hand, running a simulator thousands of times, to acquire these diagrams, is very time consuming and expensive. The results of this study show that by direct employment of Experimental Design methodology, one can get the accurate results with the least number of simulation runs instead of running the simulator numerous times or developing a proxy model. The Integration of three-level full factorial and inscribed central composite designs, which has been employed in this study, provides three inner points within uncertain ranges of parameters and also includes all combinations of parameters values; therefore, one can be more sure that the whole range and also the interaction of uncertain parameters have been covered compared to the other designs in which just one center point and border points are provided to study.
Results and discussion
Dena reservoir, which is under immiscible gas injection method, is an underdeveloped reservoir with many uncertain parameters.
The key idea in this study was to use one variable at a time design to choose the most effective uncertain parameters on reservoir behavior. Using this design, MULTPV, MULTZ, Qinj and SGCR parameters are identified as the most effective parameters relating to COP in this reservoir.
To make efficient decisions over the reservoir development plan, the most effective uncertain parameters on the reservoir behavior must be studied and the probabilistic production of the reservoir has to be forecasted. Experimental Design methodology, as a fast and reliable method for obtaining probabilistic results, seems a proper idea for dealing with uncertainty.
In this study, integrating three-level full factorial and inscribed central composite designs, as well as utilizing a simulator, were used to forecast the probabilistic production of Dena reservoir and also to study the effect of the existing uncertainty in the reservoir on the probabilistic production forecast.
As predicted, the uncertainty on the reservoir COP was very high. Moreover, as time goes by, the uncertainty of COP will increase. The results of probabilistic production diagrams in this study were compared to the diagrams, which have been obtained by artificial neural network, and it was observed that these results are nearly the same; therefore, it confirms that direct use of Experimental Design is a trusted and easy method for obtaining the probabilistic production forecast.
Conclusions
Experimental Design methodology covers the whole uncertainty available in the system with the minimum number of simulator runs. Actually, this method, as an unbiased approach, has the potential of adding useful information to the reservoir development plan and also, of saving considerable time. As a result, it is an efficient method for studying underdeveloped reservoirs.
The main advantage of integrating three-level full factorial and inscribed central composite designs is that many inner and border points are presented to study; therefore, it traps the non-linear effect in the system, and presents useful information for optimizing the development plan of Dena reservoir.
Using one variable at a time design, it can be observed that Pia, Va, BHPinj and MULTFLT parameters have the least effect on Dena reservoir development plan. On the other hand, MULTPV, MULTZ, Qinj and SGCR parameters have major effect on the development and future production of this reservoir.
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Appendix: effect of uncertain parameters on COP
Substituting the COP values presented in Table 3 , which have been obtained by simulator, into the following equations, we can calculate the effect of uncertain parameters on COP.
Effect of uncertain parameter on COP ¼ main effect of uncertain parameter on COP P main effect of uncertain parameter on COP j j ;
where Main effect of uncertain parameter on COP ¼ COP ðmaximum value of uncertain parameterÞ À COP ðminimum value of uncertain parameterÞ ð10Þ Fig. 8 Sensitivity of COP after 12 years from the beginning of simulation with respect to the different values of Qinj
